We examined the effect of Angiotensin II (Ang II) on the interaction between the Ca 2+
1K3R/4E
and SB 1K3R/4E . Wild type and mutants were transfected into PS120 cells and their activity was examined by H + flux (J H+ ). The basal J H+ of wild type was 4.71 ± 0.57 (mM/min), and it was similar in both mutants. However, the mutations partially impaired the binding of CaM to hNHE1. Ang II (10 . Two distinct domains can be observed on the NHE1 molecule: a N-terminal transport domain that catalyzes amiloride-sensitive Na + /H + exchange with a built-in modifier site ("pH sensor") and a carboxyl-terminal cytosolic regulatory domain that determines the set point value of the modifier site [3] . Although ten distinct isoforms of NHE have been isolated, NHE1 is the most sensitive to amiloride [4] [5] [6] [7] [8] [9] [10] [11] [12] , which is known to bind to the external 542 Na + binding site (N-terminal) because its inhibitory potency is reduced in high Na + concentration [7] . However, in the C-terminal domain, not only growth factors and hormones such as angiotensin II (Ang II), thrombin, serum, epidermal growth factor, insulin and lysophosphatidic acid can bind and modulate exchanger activity, but osmotic stress can also stimulate the exchanger [8-9, 11, 13-17]. Depending on the stimulus, this activation is often associated with two mechanisms: 1) phosphorylation, such as by assorted serine/threonine protein kinases [18] , p38 mitogen-activated protein kinase (MAPK) [19] and p90 ribosomal S6 kinase [20] ; 2) binding of regulatory proteins with subsequent conformational changes such as the association of Ca 2+ /calmodulin (CaM) to the high-affinity CaM domain of NHE1, which releases an autoinhibitory intramolecular interaction, thereby enhancing NHE1 activity [21] .
Ang II is a multifunctional hormone that plays an important role in the physiological regulation of blood pressure, cardiovascular homeostasis, and renal function as well as ion fluxes, protein phosphorylation, gene expression, and cell growth [10] . It is known that Ang II activates intracellular signaling pathways that induce diverse biological effects via binding to its cell surface receptors AT 1 or AT 2 [22] [23] . In physiological concentrations, the binding of Ang II to AT 1 receptor evokes rapid activation of phospholipase C (PLC), resulting in the release of 1,4,5-inositol triphosphate (IP 3 ) and diacylglycerol (DAG), which are, respectively, involved in a slight increase of intracellular Ca 2+ concentration ([Ca 2+ ] i ) by Ca 2+ mobilization from its intracellular stocks and by activation of protein kinase C (PKC) [11, [24] [25] . However, at high concentrations, Ang II, also through the AT 1 receptor, induces activation of phospholipase A 2 (PLA 2 ), release of arachidonic acid (AA), and mobilization of Ca 2+ i [26] [27] . Also, through these different pathways (which lead to low or high [Ca 2+ ] i mediated by AT 1 receptor), Ang II also has a dosedependent bimodal effect on the intracellular pH regulation by modulation of NHE1 activity [21, [28] [29] .
Calmodulin (CaM) is a calcium-binding protein expressed in all eukaryotic cells in different subcellular locations including the cytoplasm and within organelles or is associated with the plasma or organelle membranes. This protein is involved in the regulation of many essential physiological processes including cell motility, exocytosis, cytoskeletal assembly, and modulation of ([Ca 2+ ] i ) [30] . CaM can bind to four Ca 2+ ions through its four EF-hand domains, organizing the Ca 2+ /CaM complex [31] . Many of the proteins that CaM binds are unable to bind Ca 2+ themselves, and they use CaM as a Ca 2+ sensor and signal transducer. CaM can bind to and regulate a wide number of different target proteins [32] . Two other major mechanisms of calmodulin action are exerted indirectly, through other related proteins: Ca 2+ -calmodulin-dependent kinases (CaMKs) and calcineurin. CaMKs contribute to a number of regulatory pathways, including phosphorylation of proteins and activation of the nuclear transcription factor, cyclic nucleotide response element binding protein (CREB) [33] .
It is known that CaM mediates distinct extracellular signals to the "pH i sensor" of NHE1 [21] . CaM binds to NHE1 at two sites in the cytosolic tail: region A (a high affinity site, containing the residues 636-657) and region B (a low affinity site, comprised of residues 664-684) [34] . Thus, to explain the bimodal effect of Ang II on the NHE1, it has been suggested that the high-affinity site A works as an autoinhibitory domain and a discrete increase of [Ca 2+ ] i may induce Ca 2+ /CaM binding to this region, blocking the inhibitory interaction and thus activating NHE1. On the other hand, it is possible that the lowaffinity site B binds to Ca 2+ /CaM only at high [Ca 2+ ] i concentrations and under these conditions, stimulates NHE1 activity [21, [28] [29] .
In this study, we propose to examine the effect of Ang II on the interaction between the Ca 2+ /CaM complex and human NHE1 (hNHE1). By site-directed mutagenesis, amino acids in the site A (mutant SA) or B (mutant SB) of hNHE1 were modified and the wild type or hNHE1 mutants were transfected into PS120 cells, a NHE-deficient cellular line. Experiments with Ang II  (10   -12 , 10 -9
, or 10 -6 M) alone or in the presence of a Ca 2+ chelator (dimethyl-BAPTA/AM) or the calmodulin antagonists (W13 or calmidazolium chloride), allowed the analysis of the contribution of each Ca 2+ /CaM site (A or B) on the regulation of hNHE1 wild type or mutants. The activity of hNHE1 was examined by the intracellular pH (pH i ) recovery rate, monitored by the fluorescent probe BCECF-AM, after acid loading by the NH 4 Cl pulse technique [35] . In addition, the intracellular buffering capacity (β i ) was measured and the H + flux (J H+ ) was calculated. Our results showed that under control conditions, Ca 2+ /CaM binding sites do not represent the most important function in maintaining the basal activity of hNHE1; however, site A is responsible for hNHE1 stimulation in the presence of low Ang II concentration (slight increase of [Ca 2+ ] i ) and site B seems to maintain the basal activity of the exchanger in the presence of high levels of Ang II (high increase of [Ca 2+ ] i ). Therefore, our results show that both sites play important regulatory roles on hNHE1 modulation in a calcium dependent manner. solutions had an osmolality around 300 mOsm/kg H 2 O; value found in the culture medium used for these cells. ). For mutant construction ( Fig. 1 A) , we used hNHE1 wild type as a template along with different primers (Table 1) . Three different PCR reactions were performed: PCR 1 -using a sense primer containing an exogenous Hind III site and an antisense primer containing the CaM-binding domain with the mutated nucleotides; PCR 2 -using a sense primer containing the CaM-binding domain with mutated nucleotides and an antisense primer containing an exogenous Xho1 site and PCR overlap -using both sense and antisense primers, respectively, containing the exogenous Hind III and Xho1 sites. The PCR products were cloned into the expression vector pcDNA 3.1 (Invitrogen), in the Hind III and Xho1 sites (Fig. 1  B) . A vesicular stomatitis virus glycoprotein (VSVG) epitope was inserted at the end of the carboxyl tail of hNHE1 as previously reported [36] . All the recombinants (wild type and mutants) were subjected to nucleic acid sequencing (ABI Prism automated DNA sequencer) to confirm their sequences and/or the presence of the point mutations in the CaM binding domain (region A or B). The wild type sequence was confirmed by BLAST (gi: 27777631). Previous studies in our laboratory with transient transfection of PS120 cells using hNHE1 revealed that this cell clone failed to respond to Ang II (10 -12 or 10 -6 M) (data not shown), indicating the absence of endogenous Ang II receptors. Thus, to certify that PS120 cells would respond to Ang II in our experimental model, these cells were co-transfected with human AT 1 (hAT1) receptor that was cloned into the expression vector pEGFP-N1, as previously described by our laboratory [37] and hNHE1 wild type or mutants.
Materials and Methods

Materials
Methods
Stable co-transfection. 24 hours before the cotransfection, PS120 cells were harvested with trypsin solution in ethylene glycol-bis (b-aminoethyl ether)-N, N´-tetraacetic acid (EGTA, 0.02%) and then seeded on six-well culture plates at 60% confluence. For each well, cells were co-transfected with 2 mL Opti-MEM, 20 µL Lipofectamine 2000, 30 µg cDNA (15 µg hAT 1 /pEGFP-N1 and 15 µg hNHE1/pcDNA 3.1 wild type or mutants). Cells were incubated for 5 hours at 37°C with 5% CO 2 and then cultured for 24 hours in DMEM supplemented with 10% fetal bovine serum, 100 IU/mL penicillin, 100 µg/mL streptomycin and 2 mmol/L L-glutamine. Three days after cotransfection, the cells were subjected to the "H + -killing" selection technique, which eliminates recipient cells that do not express a functional Na + /H + exchanger, as described previously [15] . The individual cell lines that stably expressed the recombinant hAT 1 /pEGFP-N1 and hNHE1/pcDNA 3.1 wild type or mutants were also selected with geneticin (G418 1 mg/ mL). Co-transfected PS120 cells were grown to partial confluence on glass coverslips. The cells were treated with control solution for 5 minutes, washed with cold 1% PBS, immediately immersed in 4% paraformaldehyde at room temperature for 5 minutes and washed 3 times with 1% PBS. Thus, the presence of hAT 1 receptor was detected by green fluorescence at room temperature using laser excitation at 488 nm on a Zeiss LSM 510 real-time confocal microscope (objective lens 20 x) and compared with non-transfected PS120 cells (Fig. 1 C) . The expression of hNHE1 in PS120 cells was confirmed by immunoblotting (Fig. 1 D) .
Fluorescent measurement of pH i . Intracellular pH was monitored using the fluorescent probe, BCECF-AM. Cells grown to confluence on glass coverslips were dyed by exposure for 20 min to 10 µM of BCECF-AM in Na + -control solution [(in mM) NaCl-134, KCl-5, MgCl 2 -1, NaH 2 PO 4 -0.8, Na 2 HPO 4 -0.83, CaCl 2 -1.8, Hepes-8, Glucose-5, pH 7.4]. Intracellular esterases rapidly converted the BCECF-AM that entered the cells to its anionic-free acid form. After that, the glass coverslips were rinsed with the control solution to remove the BCECF-AMcontaining solution and placed into a thermo-regulated chamber mounted on an inverted epifluorescence microscope (Nikon, TMD). The measured area under the microscope had a diameter of 260 µm. The coverslips remained in a fixed position, and bathing solutions were rapidly exchanged without disturbing their position; therefore, the same cells were studied throughout the experiment. All experiments were performed at 37°C. The cells were alternately excited at 440 or 495 nm with a 150 W xenon lamp, and the fluorescence emission was monitored at 530 nm by a photomulitiplier-based fluorescence system (Georgia Instruments, PMT-400) at time intervals of 5 seconds. The 495/440 excitation ratio corresponds to a specific pH i . At the end of each experiment, the calibration of the BCECF signal was achieved using the high K + -nigericin method, exposing cells for 15 minutes to a "high K M), CaM antagonists)]. Considering that the pH i recovery rate depends on the value of pH i achieved by the acid loading, we used experiments in which these values were not significantly different among the studied groups. In all experiments, we calculated the pH i recovery rate (dpH i /dt, pH units/min) for the first 2 minutes by linear regression analysis.
Measurement of intracellular buffering capacity. Intracellular buffering capacity (β i ) corresponds to the sum of the individual buffering powers of all cytosolic buffers, excluding HCO -3 /CO 2 . The hNHE1 activity was blocked by the exposition of the cells to a Na Immunoblotting. After acid loading, cells treated with control solution or different Ang II concentrations were rinsed with ice cold 1% PBS and scraped from the plate with a rubber scraper. The cellular suspension was pelleted by centrifugation at 3000g. The pellet was resuspended in 50 µL of Sodium Phosphate buffer (5 mM, pH 8.0) plus protease inhibitors cocktail. All protein concentrations were determined by Micro BCA assay (Pierce). Proteins were diluted (1:1) in buffer A (TrisHCl 62.5 mM-pH 6.8, SDS 2%, glycerol 20%, β-mercaptoethanol 1.96% and bromophenol blue 0.05% plus protease inhibitors cocktail), resolved by 10% SDS page and transferred to nitrocellulose membrane. After blocking with 5% non-fat milk diluted in 1% PBS for 1 h, blots were probed in the same solution overnight at 4°C with anti-VSVG antibody for hNHE1 at dilution of 1:1000, anti-CaM antibody at dilution 1:2000, and anti-α-actin antibody at dilution 1:5000. Blots were washed in 0.05% Tween 20 in PBS (PBST) 5 times for 10 minutes and then incubated with secondary antibody (anti-mouse) at dilutions of 1:2000, 1:4000 and 1:10000, respectively. Blots were washed as described above and then visualized by enhanced chemiluminescence kit.
Immunoprecipitation. Cells were grown in 6-well plates, and after acid loading, they were treated with control solution or different Ang II concentrations. Then, cells were solubilized at 4ºC in a modified RIPA buffer containing: 150 mM NaCl, 5 mM EDTA, 1% (v/v) Triton X-100, 0.5 % (v/v) deoxycholate, 50 mM Tris-HCl (pH 7.4), and supplemented with protease inhibitors (0.7 µg/ml pepstatin A, 0.5 µg/ml leupeptin and 40 µg/ml PMSF) and phosphatase inhibitors (50 mM NaF and 15 mM sodium pyrophosphate). The samples were subjected to centrifugation using a table top centrifuge. The primary antibody (anti-CaM) was added to the supernatants, and the samples were incubated at 4ºC for 1 h. Immune complexes were collected using 5 mg/sample of protein A. The beads were washed 5 times in modified RIPA buffer and then prepared for SDS-PAGE and immunoblotted [26] .
Statistics. The results are presented as mean ± SE of 5 -8 experiments. Data were analyzed statistically by analysis of variance followed by Bonferroni's contrast test.
Results
Measurement of pH i by fluorescence
Non-transfected PS120 cells, even in the presence of Na + -control solution, presented a low pH i recovery after acid loading that did not return to the basal value (Fig. 2 A) . hAT1/hNHE1-wild type co-transfected cells in the presence of Na + -free solution (NMDG 138 mM) presented notably low pH i recovery and restored it to near basal values in the presence of Na + -control solution (Fig. 2 B) . Our results also indicate that co-transfected PS120 cells in HCO 3 -free solution have a mean pH i baseline of 7.10 ± 0.012 and pH i after NH 4 Cl pulse of 6.52 ± 0.012 (n = 263). Because the net efflux of acid is the product of total intracellular buffering power and the rate of pH i recovery, it was possible to transform the data originally obtained in the form of H + flux (J H+ ). Thus, under control conditions, the mean J H+ of wild type was 4.71 ± 0.57 (mM/min); a value not significantly different from the mean J H+ of all the mutants (Fig. 2 C and Table  2 ).
Protein expression
Even though the differences between the J H+ in wild type and SA 1K3R/4E and SB 1K3R/4E mutants were not significant, the interaction between hNHE1 and CaM was analyzed. After acid loading, cell lysates of wild type or mutants were prepared and aliquots were resolved by SDS-PAGE and immunoblotting. Other aliquots were incubated with an anti-CaM antibody to immunoprecipitation studies. As shown in Fig. 3 , each cell lysate expressed similar amounts of wild type or mutants hNHE1 proteins, which migrated as two bands as described previously [38] ; a glycosylated form of ∼ 110 kDa that is /CaM and Ang II present in the plasma membrane and a non-glycosylated form of ∼ 85 kDa that resides in the intracellular compartments such as the endoplasmic reticulum, whereas the calmodulin migrated as a single band of ∼ 17 kDa. Interestingly, lysates of each hNHE1 mutant showed a slight increase in expression of calmodulin, suggesting that mutations may be partially impairing the binding of CaM to NHE1. This hypothesis was confirmed by an immunoprecipitation study, once blots containing the antiCaM immunoprecipitates that were incubated with an anti-NHE1 antibody revealed lower immunoreactive bands corresponding to forms of hNHE1 mutants.
Effect of Ang II on hNHE1 activity and protein expression
Considering the importance of Ang II concentration on [Ca 2+ ] i and NHE1 modulation [22, 23, 24] , after acid loading, we treated the cells with different concentrations of this hormone (Fig. 4) mutant had a similar response to wild type: at low concentrations of Ang II, the mutant was stimulated, whereas at high Ang II concentration, the activity of the mutant remained similar to its control. Immunoblotting studies using cell lysates (Fig. 5) .
Under the same conditions, immunoprecipitation studies confirmed the expression of hNHE1 in the plasma membrane.
Effect of dimethyl-BAPTA/AM on hNHE1 activity
To analyze the relevance of intracellular Ca 2+ on hNHE1 activity, we used dimethyl-BAPTA/AM, a Ca 2+ chelator (Fig. 6) . BAPTA alone did not change the J H+ in wild type or mutants in comparison to respective controls. However, BAPTA suppressed the stimulatory effect of Ang II (10 
Effect of CaM antagonists on hNHE1 activity
We analyzed the relevance of Ca 2+ /CaM binding on hNHE1 activity, using W13 (Fig. 7) . In the wild type, this CaM antagonist alone did not significantly affect the J H+ ; however, a significant decrease of this parameter was observed when W13 was used in the presence of Ang II (10 -9 or 10 -6 M) (Fig. 7 A) . In the SA 1K3R/4E mutant, W13 alone or in the presence of Ang II 10 -9 M did not modify the J H+ ; whereas in the presence of Ang II (10 -6 M), W13 impaired the stimulatory hormonal effect (Fig. 7 B) . Interestingly, in the SB 1K3R/4E mutant, W13 alone did not affect the J H+ ; however, it impaired the stimulatory effect of 10 -9 M Ang II on J H+ and induced a significant increase of this parameter in the presence of 10 -6 M Ang II (Fig. 7  C) .
We also performed experiments with calmidazolium chloride, a specific inhibitor of CaM that is structurally different from W13. As shown in Figure 8 , in the presence Eguti/Thieme/Leung/Mello-Aires/Oliveira-Souza Cell Physiol Biochem 2010;26:541-552 of calmidazolium chloride, the J H+ in wild type or mutants under control conditions or after Ang II treatments was not significantly different from the W13 groups.
Discussion
Previous studies by Wakabayashi and colleagues [3] and [21] showed that NHE1 contains two sites for CaM 1 (wild type or mutants) .
The use of different hNHE1 mutants allowed us to study the importance of Ca 2+ /CaM sites A and B in the activity of the exchanger. Our data show that PS120 cells co-transfected with hAT1 and hNHE1 wild type or mutants maintain a mean baseline pH i of 7.10 ± 0.012 (n = 263) in the presence of HCO 3 --free solution, in the same way as other cell lines such as MDCK cells that express endogenous AT1 and NHE1 proteins [28] [29] .
hNHE1 activity was estimated by measuring pH i recovery rates in the first 2 minutes after an acid loading with NH 4 Cl solution. Furthermore, the buffering capacity of wild type and all the constructs were evaluated. Both parameters allowed the calculation the H + flux (J H+ ), a direct consequence of the variation of pH i recovery rates. Our results showed that under control conditions or during the various experimental conditions studied ( mutants were not significant (Fig.  2 C) , immunoblotting and immunoprecipitation studies indicated that both mutants have reduced binding to CaM in comparison to the wild type (Fig. 3) . Thus, our results confirm that each mutant has only one Ca 2+ / calmodulin binding site while the wild type has two.
It has been shown that a low concentration of Ang II induces a modest increase of cytosolic calcium and stimulates the NHE1 exchanger [24, 29, 39] . Consistent with these findings, our results indicate that in hAT1/ hNHE1 wild type cells, Ang II (10 -12 or 10 -9 M) increased the J H+ (Fig. 4 and M) failed to affect the J H+ of this mutant under basal conditions. This is consistent with the idea that site A stimulates hNHE1 predominantly in the presence of a slight increase of [Ca 2+ ] i . In addition, we observed that mutations in site B induced lower activity of site A in comparison to the wild type group. Thus, we suggest that in wild type, the efficiency of site A can be associated with the presence of site B.
These findings are in accordance with the protein expression studies (Fig. 5) . In wild type, Ang II (10 M) did not modify the expression of calmodulin, indicating that the high affinity site A was modulating hNHE1. Immunoprecipitation studies showed a lower binding of CaM to hNHE1 in both mutants. This data confirmed that they have an impaired coupling of CaM once there is only one binding site.
Our previous studies showed that dimethyl-BAPTA/ AM decreases Ang II-induced cytosolic Ca 2+ levels and consequently decreases NHE1 activity [29] . According to our new data, BAPTA impairs the stimulatory effect of Ang II (10 -9 M) on hNHE1 wild type (Fig. 6) . BAPTA increased the effect of Ang II (10 -6 M), probably restoring the stimulatory effect of Ang II on hNHE1 through site A.
Because the mutations were performed on the Ca 2+ /CaM site of hNHE1, we used the CaM antagonist, W13 to analyze the relevance of this binding on hNHE1 activity. As expected, our data showed that W13, under control conditions, did not affect hNHE1 wild type or mutant activity (Fig. 7) /CaM binding on NHE1 activity, we also performed experiments with calmidazolium, a specific inhibitor of CaM that is structurally different from W13. Our data indicated that the responses of hNHE1 wild type and mutants in the presence of this CaM antagonist and/or Ang II (10 -9 or 10 -6 M) were not significantly different than to W13 (Fig.  8) , although it was less efficient than W13. On the basis of these results, we can conclude that in our experiments with W13 or calmidazolium chloride, Ca 2+ /CaM binding is inhibited.
Thus, we suggest that the increase of calcium is one of the most important factors for enhancing the interaction between the Ca 2+ /CaM complex and NHE1. However, we acknowledge the participation of additional pathways in the modulation of interactions with CaM-NHE1 sites because other studies suggest different cell signaling paths that modulate NHE1 activity via calmodulin, including PKC [24] [25] and JAK2 [41] .
Conclusions
Using site-directed mutagenesis, we provide some new information about how each Ca 
